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Culn; - ,)GaSe (CIGS) thin films with Ga ratio,x, ranging from 0.55 to 0.75 were grown on
Mo/glass substrates by the selenization of metallic precursors ipSe ldtmosphere. Without a
postdeposition annealing step the films were found to have a highly graded composition that became
Ga rich near the absorber/Mo interface. A high-temperature annealing step promoted diffusion of Ga
to the surface region of the films. These absorbers were used to fabricate glass/Mo/CIGS/CdS/ZnO
thin-film solar cells with open-circuit voltages ranging from 0.4 to 0.74 V and efficiencies
approaching 12%. Devices, as well as the absorber layers, were characteriz&896 @merican

Vacuum Society.

[. INTRODUCTION In-rich surface. Films grown by the selenization of Cu
+In+Ga metallic precursors in 43$e-containing atmo-
Culn;,GaSe (CIGS) chalcopyrite compound semi- spheres showed very similar behaidiThe reasons for this
conductors of various compositions have received much alenhavior are not well understood. However, it is possible that
tention as the absorber layers in high-efficiency polycrystalyhe |n—sSe reactions which are more energetically favorable
line thin-film solar cell structures. The energy band gapy; |ow temperatures form the driving force for In to selec-
(Eg) of CIGS films can be varied continuously from about ey diffuse to the surface region to react with the seleniz-
1.0 to 1.7 eV by changing their composition from CulaSe 4 aimosphere as the temperature of the substrate is raised.
(CIS) to CuGaSg (CGS. The variation ofEq with the Ga/  “goqregation of Ga-rich and In-rich phases by depth, in
(Qa+|n) _ratlo IS Ilnt_aar _for ‘?“'poof mat‘?f'a" whereas a defi- bsorber layers obtained by the selenization of metallic pre-
nite bowing behavior in this relationship has been Observe@ursors does not allow the growth of CIGS films with uni-
for stoichiometric films- The possibility of band-gap control form co,mposition. A Ga-rich region deep in the absorber

makes this quaternary semiconductor very attractive fo‘ : . o
high-efficiency thin-film solar cell structure designs employ- ayer can benefit device performance because this high-band-
g Y 9 ploy gap area can induce an electric field in the bulk of the ab-

ing graded band-gap absorber layers. o . . .
Among the various thin-film deposition technigues usedsorber and help minority carrier collection from deep in the

. 5 . _ . _ .
for growing CIGS thin films, multisource evaporation and device. .However, segregation of the Ga-rich and In-rich
\;:éhases in a manner that leaves a small-band-gap CIS surface

two-stage selenization are the two approaches that ha - N . .
yielded good quality absorbers. To date, the highest effiwould limit the open-circuit voltage values of devices fabri-
ciency devices have been fabricated on, CIGS films Withcated on such absorbers. In a recent publication, the research

graded Ga distribution obtained by a multisource evaporati0|9r0,Up O_f the Institute of Energy ConversiqlEC) at -the
technique?® Conversion efficiencies of solar cells fabricated UNiversity of Delaware demonstrated that films obtained by
by the methods of Ref. 2 have recently reached 17%. the selenization of metallic precursors displayed total segre-
Kushiyaet al. prepared CIGS layers with uniform Ga and gation of CIS and CGS_ phases when further annealed in a
In distributions by the selenization of coevaporatedt@u H2S€ atmosphere at high temperatures. These researchers
+GatSe precursor layers in a vacuum system and demor!SO described a new process consisting of a postselenization
strated a 14.9% efficient device on a film with a @si+In) ~ annealing step in a Se-free atmosphere, which was found to
ratio of 0.40* The reportedE, = 1.3 eV for this absorber be essential to initiate the diffusion of Ga and formation of
agreed with the expected value of 1.29 eV. Unlike the result$he quaternary CIGS phaSet was concluded that the high-
of Kushiyaet al. on films grown by the selenization of co- temperature annealing step in a Se-free atmosphere created
evaporated CtiIn+Ga+Se precursor, coevaporated Cu Se vacancies through which Ga diffusion could be facili-
+In+Ga metallic precursor layers always yielded absorber¢ated. Selenium vacancy generation resulting from high tem-
with graded Ga concentrations when selenized in a vacuurperature annealing of CIS in a Se-free atmosphere is well
system under Se vapdin such films, Ga-rich phags seg- established.In this article, we employed the postselenization
regated toward the back of the absorber layer, leaving aftep of Ref. 6 to grow CIGS absorber layers with an overall
GalGatIn) ratio of 0.55-0.75, characterized these layers in
dElectronic mail: bbasol@earthlink.net terms of their structural and compositional properties, and
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evaluated their application to high-efficiency solar cell fabri-
cation. 1-2.5 um
0.05-0.2 um
II. EXPERIMENTAL APPROACH 2-3 um

Soda-lime glass was used as the substrate in this work. 052 n
Molybdenum layers of 2.@m thickness were sputter depos-
ited on the soda-lime glass substrates using a dc magnetron
system. CIGS absorber films were formed on the Mo/glass
sheets by the two-stage selenization techniylrethis ap-
proach, a precursor layer containing In, Cu, and Ga was first
deposited on the substrate by electron-beam evaporation. The .. . . .
precursor was then selenized in a 1048k 90% N, atmo- _proﬁle was determined using cross-sectional el%sctron-beam—
sphere to form the compounds. The precursor deposition StéBduced-curren(EBIC) techniques on cleaved ceffs.
was carried out in one pump-down from a multipocket elec-
tron beam gun. A thin layer of T@.Ol,um) was first evapo- ||| RESULTS AND DISCUSSION
rated on the Mo surface. Tellurium deposition was followed
by the evaporation of In, Cu, and Ga in the given sequence. A large number of absorber layers were grown and pro-
The evaporation rates were in the range of 10-50 A/s. Inclucessed into solar cells during this study. The set of four ab-
sion of a thin Te layer in the precursor stack ensured prope?orbers that are the subject of this f_;lrtlcle is a typical subset of
wetting of the Mo surface by the evaporated In film and thethe larger lot of samples. Information about the overall sto-
formation of a uniform alloy precursor as discussedichiometric compositions of the precursors and the process-
previously'® Thicknesses of the In, Cu, and Ga layers wereiNd Steps employed to grow the selenide layers are given in
adjusted to obtain films with various compositions and anfable I.
overall stoichiometric ratio of about Qiri+Ga=0.9. For A Device measurements
the precursor of sample 1789-425 and 1789-575, the overall _| , . o
GalGa+In) ratio was 0.55 and the thicknesses of the evapo- T 19ure 2 shows the illuminated-V characteristics of so-
rated In, Cu, and Ga layers as monitored by a crystal Oscn!_ar cells fabricated on three_ of the absorber layers identified
lator head were 2223, 2000, and 2027 A, respectively. Théh Table I. The dewces_fabncated on sample 1791-425 were
GalIn+Ga) ratio for the precursor of samples 1791-425 andeXtremely leaky, and since they did not display a photovol-
1791-575, on the other hand, was 0.75, with correspondin{fiC résponse, they were not included in Fig. 2.

elemental film thicknesses of 1228, 2000, and 2765 A. The The J-V characteristics of Fig. 2 indicate an open-circuit
thicknesses quoted here were direct readings from th¥0lt@ge VoJ value of 740 mV for sample 1791-575 and 625

Inficon/XTC crystal oscillator. The stoichiometric ratios MV for sample 1789-575. The for sample 1789-425, on
were calculated based on these actual readings. the other hand, is only 400 mV despite the fact that this film

5 eccontained 55% Ga. The absolute QE curves given in Fig. 3

Selenization was carried out for all precursors at 425 °C. ) . ~=
A portion of each film was then additionally annealed atWere normalized using the short-circuit current values of the

575°C in a N atmosphere. Resulting selenide films werethree devices. The losses due to various factors such as grid
nominally 2.0um thick, and they were analyzed by scanning €0Verage and contact probe shadowing are shown in Fig. 3.
electron microscopySEM), x-ray diffraction (XRD), and Reflection, ZnO absorption, and CdS absorption measure-
Auger depth profiling. Auger analysis was carried out by aments were made on a set of reference samples of CdS gnd
Physical Electronics 670 microprobe ugia 5 KV electron ZnO on glass. The QE curves demonstrate that the effective
beam. The samples were depth profiled gsin3 kV argon band gaps of the three absorbers varied from 1.05 eV for

ion sputtering beam. A reference CIGS sample with uniformsa@mple 1789-425 to 1.36 eV for sample 1791-575. The solar

Ga distribution deposited at NREL by the coevaporationce" output parameters derived from Fig. 2 as well as the

technique was used to calibrate the Auger sensitivity factorSs values are summarized in Table By values were de-

for Cu, In, Ga, and Se based on electron microprobe medluced from the shift of the long wavelength QE of the cells
surements. Devices were fabricated by depositing a thin

layer of CdS on the CIGS layers by the solution growth _ , _

technique. Conductive ZnO window layers were deposited'ABLE I. Information of the CIGS films grown for this study.

by the metalorganic chemical vapor depositidiOCVD) Overall composition of the

approach using diethylzin€DEZ) and water vapor as the precursor CIGS formation steps
reactants and boron as the dopant. Details of the CdS a’Edample .
ZnO deposition steps have been published previduglye :

Fic. 1. Structure of a CIGS solar cell.

Substrate

Cuin+Ga GalGatln) Selenization Annealing

resulting solar cell structure is shown in Fig. 1. 1789-425 0.9 0.55  425°C, 30 min . _
Devices were characterized by dark and illuminated curi;gi:izg 8'3 8";’2 i;g g gg 2:: 575 °C, 60 min
rent density—voltagéJ-V), quantum efficiencfQE), and  1791.575 0.9 0.75  425°C. 30 min 575 °C, 60 min

capacitance measurements. The charge collection efficieney
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T T T T T T T TasLE Il. Solar cell parameters and band-gap values derived from the data
0 of Figs. 2 and 3. The active area of the devices was 0.083 cm
NE L ; i . n Voc ‘]sc Eg
§ 1789_425 ', Sample No. (active area FF (mV) (mA/cn?) (eV)
E 200 s Pl 1789-425 6.4 054 400 30 1.05
- L '. P 1789-575 11.7 0.69 625 27.3 1.19
= o 1791-575 9.4 0.615 740 20.6 1.36
c 0 l‘ ,:" -
@ 1 ;
(&) /
E L ]
L -20F § creased the effective band gap of this absorber to 1.19
© i | eV andV, to 625 mV, indicating increased Ga activ-
ity. However, this band gap is still lower than the 1.4
—40 —c; " : olo : 0'4 : ols eV expected from a uniform CIGS layer with 55%
’ V‘Om . [v‘] ’ Ga. The measured band-gap value of 1.19 eV indi-
9 cates the presence of a CIGS phase in the absorber

_ o with about 28% Ga.
e o e e oy, o) The QE data obtained from the el fabricated on the
active area of the cells was 0.083%Zm annealed sample with an overall Ga content of 75%
yielded a band-gap value of 1.36 eV and the device
had aV,. of 740 mV, which corresponds to a CIGS

compared with a pure CIS device with the band-gap value of phase with about 50% Ga.

1.00 eV. Long wavelength QE of the CIS cell is also shown - . .
I . ST The open-circuit voltages of the three devices of Fig. 2
in Fig. 3 for reference. The estimated uncertainty in Ee .
. ; ) were measured in the temperature range of 270-350 K. Ex-
values is 30 mV. The following observations can be made[ : - .
rapolation ofV,. to T=0 K gave an estimate @&, assum-
from the data of Table II. S :
ing it changes little over the temperature range used. The
0] The band-gap value of sample 1789-425 deducedero-temperature intercepts were 1.08, 1.25, and 1.34 eV for
from its QE curve was much less than the 1.4 eVsamples 1789-425, 1789-575, and 1791-575, respectively.
expected from a uniform CIGS layer with 55% &a. These values are in reasonable agreement with the values
The observed value d&, = 1.05 eV and correspond- obtained from QE data and are listed in Table II.
ingly modestV value of 400 mV, suggest the pres-  Figure 4 shows the cross-sectional EBIC line scans of two
ence of a CIGS composition with only about 7% Gadevices superimposed over their scanning electron images.
in the absorber layer. Furthermore, the solar cell fab-The various layers forming the device structure are labeled in
ricated on this absorber is relatively poor with a low Fig. 4. The CIGS layers are dense and are composed of
fill-factor value. grains as large as 1—2m. The grain size does not seem to
(i)  High-temperature annealing of sample 1789-425 in-be a function of the high-temperature annealing step at

1.0 T T T T T T T T T
Grid Coverage and Shadowing Loss Typical
08 [T s~ T Reflection
i EEN 1 Loss
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Fic. 3. Absolute quantum efficiencies of the cells of Fig. 2. The long wave-Fic. 4. Charge collection efficiency profiléEBIC line scanssuperimposed

length portion of the QE data taken from a CIS delb Ga is also shown  on scanning electron images of cross sections of sani@leis’89-425 and
for comparison. (b) 1789-575. EBIC peak position is indicated with an arrow.
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Fic. 5. Capacitance vs frequency data for the cells of Fig. 2.

(a) Voltage [V]

575 °C. The peak position of the EBIC signal for sample 3t 1789-425 o -
1789-425 indicates the electrical junction is significantly 500 khz *
within the CIGS layer. The EBIC peak of sample 1789-575 2+ g
is somewhat closer to the CIGS/CdS metallurgical junction.

Capacitance values of the three devices were measured as 1t .
a function of frequency. The resulting(f) data taken under _
zero bias conditions in the dark are shown in Fig. 5. T o —t—————+—————
Capacitance—voltage C(~V) data obtained under near- § 3t 1789-575 v A
steady-state conditions with 100 s wait at each bias point is e 60 kHz :
given in Fig. §a) in the form of (A/C)? vs voltage curves. E oL -

The dispersion in the capacitance observed in Fig. 5 was 2
the greatest for sample 1789-425, indicating the presence of e 4L _
a large density of extraneous states in the absorber. For this a
reason, the measurement frequency@fV data was in- 20 ; ' — ; ' ;
creased from 60 to 500 kHz for this sample to minimize the T 3l 1791-575 @ _
apparent capacitance due to these extraneous states at lower 60 kHz ]
frequencies. The zero bias capacitance value was the small- oL _
est for sample 1789-425, indicating the widest depletion
width, despite the fact that the built-in potential was ex- 1L ]
pected to be the smallest for this low-voltage device. The
spatial variation of the hole density calculated from the slope o T
of the Fig. Ga) curves? is shown in Fig. &) for the three 0.0 0.2 0.4 0.6 0.8
cells. The distance from the metallurgical junction is deter- (b) Distance from Junction [microns]

mined directly from the measured capacitance. According to R _

Fig 6(b), the hole density in all films increases from less Fic. 6. (a) (A/C)?vsV, and(b) hole density distribution for the devices of
. , 0 . Ei

than 3<10'° cm 2 near the highly compensated surface re-

gion to about X10' cm™2 at about 0.6—0.7%m from the

junction. Such a diode structure is intermediate betwgen ) ) ) )
and p-i-n. The width of the low-density region has a mag- Nighly graded suggesting segregation of In and Ga-rich

nitude comparable to the depth of the EBIC peak, and iphe}ses. These film§ contained only small amoppts of Ga near
appears to decrease from sample 1789-425 to 1789-575. ThFil%e'r surface, despite the fact that Ga was orlglnally_depos-
observation suggests the existence of a highly compensatdi§d on the surface of the precursor layers as described be-
thick surface layer in sample 1789-425 and a decrease in tHQ"€: After the high-temperature annealing step, Ga concen-
thickness of this compensated layer as the active Ga conteH@tion near the surface increased. However, the resulting

in the absorber layer was increased by the high-temperatur%’sorbers were still graded in terms of their Ga distribution.
annealing step. According to Fig. Ta), the Ga(Ga+In) ratio for sample

1789-425 increases from about 0.1 at a region abouufl
inside the film surface to 0.98 at a depth of Jufh. The
expectecE, value of the surface region with 10% Ga is 1.07
Figure 7 shows the Auger depth profiles and the calcueV, which is in good agreement with the data of Table II. The
lated Ga(Ga+In) ratios of the CIGS films identified in Table Ga{Ga+In) ratios near the surface regions of samples 1789-
I. As seen from these data, the compositions of sample§75 and 1791-575 are 0.31 and 0.53, respectively. These val-
1789-425 and 1791-425, which were not subjected to theles are also in reasonably good agreement with the device
high-temperature annealing step after selenization, wermeasurement results that predicted the presence of CIGS

B. Absorber layer characterization
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Fic. 7. Auger depth profiles of samplés) 1789-425,(b) 1789-575,(c) 1791-425, andd) 1791-575. The sputtering rate was 4—5 A/s.

phases with 28% and 50% Ga, respectively, in these twéorm a CIS/CGS graded compound film, especially in the
absorber layers. sample with high Ga content. Therefore, films containing the
Although the GaGatIn) ratios deduced from the cali- CIS phase as well as the CGS ternary and Ga—Se and Cu-Se
brated Auger data of Fig. 7 agreed well with the results obhinaries were formed as a result of the 425 °C selenization
tained from QE and/,. measurements, the Gl+Ga) sto-  process. It should be noted that the Auger data of Fig. 7 were
ichiometric ratios of Fig. 7 were unrealistically high for cajibrated using sensitivity factors of elements obtained from
samples 1789-425 and 1791-425. These ratios were in th§ectron microprobe analysis of quaternary compound CIGS
range of 1.2-2.2, especially near the surface regions of thg;ndards. The presence of binary phases in the analyzed
two fi_Ims, despite the fac'F that the stoichiometric ratios of a”layers are expected to affect the atomic concentration values
the films studied were fixed at 0.9 at the precursor staggnieq in the Auger profiles, because the sensitivity factors

before th? selenization step. Also noticeab!e in the Auger elements in the binaries will be different than those used
data of Figs. 7 and 4c) were the excessively high Se far the calibration of the reported experiment.

concentrations, again especially near the surface regions o? X-ray diffraction (XRD) is another characterization tool

the two films. Both of these abnormalities disappeared Oncﬁwat can give valuable information about the phase content of
the films were annealed at 575 °C. For the samples of Figs g P

7(b) and 7d), the calculated Ch+Ga) ratios approached the gbsorber layers. Figure 8 shovys thg diffraction patterns
0.9 and Se concentration decreased to the 50%—53% ran%ptamed from two of the samples listed in Table I. Only the
We believe that the discrepancies observed between the Ag® Values in the 44°~47° range have been scanned in this
ger data of the two sets of films were due to the presence §XPeriment to be able to resolve 220 and(204) peaks of
binary phases in samples 1789-425 and 1791-425. The pogpe tetragonal lattice. The expected positions of these peaks
performance of the solar cell fabricated on sample 1789-4250r CIS and CGS compounds were calculated using the data
its large capacitance dispersion, and the lack of photovoltaigf Albin et al.;* and they are shown in Fig. 8. In sample
activity for sample 1791-425, all support this argument. It is1789-425, th€220,204 peak belonging to tetragonal CIS is
known that CGS formation requires higher temperatures thaglearly resolved. The peak is shifted only slightly to higher
CIS formation® Therefore, the selenization temperature ofangles suggesting inclusion of a small amount of Ga into the
425 °C used in this study, although quite adequate for thehalcopyrite absorber in agreement with the Auger and de-
growth of high-quality CIS layer$!® was not sufficient to vice measurements discussed before. Another observation

JVST A - Vacuum, Surfaces, and Films



2256 Basol et al.: Cu(In,Ga)Se, thin films 2256

near the Mo/absorber interface. A high-temperature anneal-
ing step in a Se-free atmosphere promoted Ga diffusion and
CIGS quaternary compound formation. Even Cu—-In—Ga—Se
layers containing ternary and binary compounds of CIS, Cu—
Se, and Ga-Se which were not originally photoactive could

be converted into device-quality CIGS films as a result of

this annealing step. Solar cells with efficiencies near 12%
were fabricated on these films. Longer heat treatment times
and/or higher temperatures may be needed to obtain totally
uniform CIGS absorbers by this technique.

1789-425

1789-575
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